
AD-A15 318 RENSSELAER POLYTECHNIC INST TROY NY DEPT OF MATERIAL-ETC F/B 11/2
CHEMICAL DURABILITY IMPROVEMENT AND STATIC FATIGUE OF GLASSES.(U)
MAY 82 M TOMOZAWA NOOOI1-78-C-0315

UNCLASSIFIED NLm, EIIIEEIIIII
IIMEIIIIIIIIII,
Ilmff IIIIIIlEEII:



N 1.



AN UAL REPORT No. 4

For the period ending: April 30, 1982

CHEMICAL DURABILITY I4PROVEMENT AND STATIC FATIGUE OF GLASSES

Supported by

Office of Naval Research
No. N0014-78-C-03L

Principal Investigator S U 4 9 2Minoru TomazavaProfessor

Rensselaer Polytechnic Institute A
Troy, New York 12181.

Reproduction in whole or in part is permitted
( [for any purpose of the United States Government

__j _ _ _d_ _
-This document has been approved I

I.for publi. relecme and sale; its
distribution is unlimited.

8.

" " III II82 I 05I 19 083IIl I I



Unclassified
f '9CUAITV CLASSIFICATION OF THIS PAGE (Wom ONS u_ _ _ _ _

! 06READ UfUTRUCTIONSREPORT DOCUMENTATION PAGE 33703 CSILETmuE FORM
. REPORT NUMER A2. DOV ACCRSION NOM S RECIPIENT'S CATALOG NUMER

4. TITLE (and sub.e.a S. TYPE OF REPORT 6 PERIOD COVERED
Chemical Durability Iprovemant and Static Annual Report No. 4
Fatigue of Glasses Feb. 1, 1981-April 30. 1982

S. PERFORMING ORG. REPORT NUMER

7. AUTHOR(@) I. CONTrMACT o GRANT NUm5ERI8

Minoru Tomozawa No. N00014-78-C-0315

9. PERFORMING ORGANIZATION NAME AND ADDRESS t0. PROGRAM LI EMEuT. PROJECT. TASK
Rensselaer Polytechnic Institute AREA & WO UIT NUMUERS

Materials Engineering Dept.
Troy, N.Y. 12181

I I. CONTROLLING OFFICE NAME AND ADDRESS I. REPORT DATE
Metallurgy and Ceramics Program May 1982
Office of Naval Research, Dept. of the Navy 1S. NUMBER OF PAGES

Arlington, Virginia 22217 38
14. MONITORING AGENCY NAME 6 ADDRESS(I dfwiramt 1to. Cealedlfto Oft") I. SECURITY CLASS. (e roe uport)

IS&~ VCAISFICATION/0OWMORADiNG

I. OiSTRIOUTION STATEMENT (et We Rope")

17. OISTRIBUTION STATEMENT (of Me sbest enmted In 3Ot" , If tnd A nt.. RpAWt)

IS. SUPPLEMENTARY NOTES

IS. KEY WORDS (Cmtme em revrse ealwo 11naemm' o Imdtlp r bI week number)

Glass surface Crack Blunting
Chemical Durability Surface Energy
Fati 91e Dissolution and Precipitation
MWcha~ical Strength Inhibitor

20. J~IVII ACT r~msuaeverse aide It aee..r And ieseitby Wee5k wl et
Series of investigations vere made on the relation between the surface

conditions of high silica glass and its mechanical strength. It was found
that, 1) Heavy alkaline-earth elements such as Sr Ba in alkaline solutions
tend to deposit on the silica glass surface and produce severe surface cracks,
reducing the mechanical strength. 2) Surface energy of the glass appears to
determine the mchanical strength of high silica glass. 3) Dissolution rate of
high silica glass in ater increases with increasing hydrostatic pressure.
This8 annecro inconAsstet vt~h t~ha ntpaJnp-rYnrn Chanovy A1 ('unrk hitff

DO o 1 EDITION OF I NOV s Is OBSOLETEn
S/M 0102-LP444601 Unclassified

SECURITY CLASSIFICATION OF THIS PAGO M9=a Del.



StCURITY CLASSIVICAlVO THIS PAGZ (ftm D.S Interedo

20. (continued) of high silica glass involves dissolution and precipita-
tion process. '5) Surface condition of high silica glass influences the
stress-rate dependence of the mechanical strength.

Access""l For-

Unclassified

SECURITY CLAWICATION 0P1MII PA@EfM., Df AMo



I. SUMMARY

Series of investigations were made on the relation between the surface

conditions of high silica glass and its mechanical strength. It was found

that

1) Heavy alkaline-earth elements such as Sr Ba in alkaline solu-

tions tend to deposit on the silica glass surface and produce

severe surface cracks, reducing the mechanical strength.

2) Surface energy of the glass appears to determine the mechanical

strength of high silica glass.

3) Dissolution rate of high silica glass in water increases with

increasing hydrostatic pressure. This appears inconsistent with

the stress-corrosion theory.

4) Crack blunting of high silica glass involves dissolution and

precipitation process.

5) Surface condition of high silica glass influences the stress-

rate dependence of the mechanical strength.



II. RESEARCH AND RESULTS

1. There are numerous inhibitors which, when placed in aqueous solu-

tion, can reduce the corrosion rate of glass. Alkaline earth ele-

ments such as Ca is an extremely effective inhibitor to the glass

corrosion by alkaline solution. It was found, in the course of

investigation of this inhibitor action of various ions, that heavy

alkaline earth ions such as Sr and Ba produce severe surface

cracks. This drastically reduces the mechanical strength of glass.

(Appendix A)

2. Mechanical strength of high silica glass was measured in various

liquids and was found to vary widely. This mechanical strength was

found to correlate reasonably well with the surface energy of the

glass estimated from the swelling of porous high silica glass.

This observation appears to support Orowan's theory of environmental

effect of mechanical strength rather than the stress corrosion theory

which appears widely accepted. (Appendix B)

3. The popular explanation of the environmental effect (fatigue) on

the strength of glass is by the stress corrosion mechanism. This

mechanism assumes that the corrosion of glass increases with ten-

sile stress. However, there is no direct experimental evidence for

it. The corrosion rate of silica glass was measured as a function

of hydrostatic pressure and was found to increase with increasing

pressure. This observation appears inconsistent with the stress

corrosion mechanism. (Appendix C).

4. When abraded glass is soaked in water its strength increases with

the soaking time. This phenomenon is usually explained in terms of

• ..... i ' ' ... ... .... .. I



the crack blunting by the uniform dissolution of the crack tip. When the

glass is soaked in water containing silicic acid which is the dissolution product

of silica glass in water, the strength was found to increase faster in

spite of the fact that the dissolution rate of the glass in the silicic

acid-containing water is slower. It was suggested that the dissolution

and precipitation rather than simple dissolution is involved in the crack

blunting process. (Appendix D)

5. Fatigue characteristic of brittle material can also be determined by

measuring the mechanical strength as a function of stress rate. This

measurement was performed for high silica glass with various different

surface conditions. It was found that glass treated with Grignard rea-

gent or (CH3 ) 3 SiCl showed an extremely small fatigue tendency.

(Appendix E)
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Glass Surface Cracks Caused by Alkaline
Solution Containing an Alkaline-Earth
Element

M. Totoz-%v%.%.* Y. OK\*'* NND J. M. WAttt *

Material, Engineering )epartment. Ren,,elaer Pol.iechnic Institute. Fro+. Nev York 121I,

When glt.. wa.s treated ill a hot alkiline solution containing a small anioun i - - -

heavy alkaline earth element.s su(h as Ba or Sr. sharp cracks formed on the 'las--
Airtaice. The severity of the crackornation was .greater. the heavier the alkaline
etrth element. The crack.s caused a drastic reduction in the mechanical strenigth of
tilt gliis.v.

F, 3. Mechanical strength ,1 96', ,iO. class
r(ds as a function ot tlUtltn treatnlient t'ilc
Each data point represent, the icrage lot ;(I

A Is i 1NI solution such as NaOH dis- bending method. In Fig. 3. the mechanical specimen,. bar represent, - standard de.iati',
solses oxide gflasses' unitorml%, lea\- strength. at a constant stress rate of 1 .7 , I O * I0 1V NaOH. MEi I \ NaOH (1 OI1 in') I

- SrCI. sflution. and A) I \ NaiH -0 (X I m l I.
ing a clear. smooth surface. When the al- MPa'min. of the glass rods treated in IA BaCI..,olutton Data ',ere oitained at rtli.

kaline solution contains a minor concentra- NaOH. IN NaOH -0.001 mol/L SrC._. or perature in air irh 50'; 1
tion of \ arious ions. this dissolution rate is
usually retarded." I In the course of the in-
vestigation of this inhibitor effect, an un-
usual phenomenon was discoered.
NanielN. when certain glasses are held in
alkaline solutions containing ions of the
heay alkaline earth elements. Ba or Sr.
minute cracks appear on the glass surface.
This is shown in Fig. I . where SiO., micro-
scope slide glasses* treated in IN NaOH
solution with and without 0.0I mol/L addi- -
tion of BaCIL at 80'C. for 14 h are com-
pared. When the solution contained no
BaCI. the glass surface remained clear.
while BaC. 2,-containing solution produced
numerous visible cracks. The size and
number of these cracks were observed to
increase with the treatment time, Prior abra-
sion of the specimen promoted the crack
formation as can be seen in Fig. I. A similar
phenomenon was observed in Sr-containing
solution also although the severity of sur- Fig. I.- Surface condition of SiO., slide glass after immersion in ilea) 1\ NaOH and e, i', IN
face damage was less in Sr-containing solu- NaOH 0.001 mol!L BaCI. solution for 14 h at 80'C. Sample on icht was abraded %s ith 6(X)-grit SIC
lion than in Ba-containing solution. An paper before it was immersed in IN NaOH 0.001 mol I BaCI., solution ibar I cm)
example is shown in Fig. 2. where 96i
silica glass rods' treated in both solutions
are compared. No visible crack was formed
on glasses treated in alkaline solution con-
taining Be. Mg, or Ca. Thus, it appears in
general that the surface crack formation ten-
dency is greater. the larger the atomic
weight of alkaline earth element in solution.

These minute cracks had, as expected,
a drastic effect on the mechanical strength of
glass specimens. The mechanical strength
was measured using 96% silica glass rods (3
mm in diam.. 6.4 cm long) at room tempera-
lure and in air lrh 50' ) using a four-point

CiVi' rmi 1 rmsu it i)ii(R T P St-mkatl III
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February 1981 Communications of the American Ceramic Society C-33
IN NaOH +0,001 mol/L BaC It is shown as Alkaline earth elements were found4 to
a function of the treatment time at 800C. It deposit on the glass surface and reduce the
can be seen from the figure that the drastic alkaline attack while other ions such as Zn
decrease in strength occurs in <2 h when and AI were not. It is most likely that heavy
the glass is treated with alkaline solution alkaline earth ions deposit in the preexisting
containing Sr or Ba, while no such strength microcracks and cause a crack extension.
degradation takes place for glasses treated This phenomenon can be utilized as a means
with IN NaOH solution. The strength of to observe surface flaws.
glasses treated in Ba- or Sr-containing solu- References
tions keeps decreasing with time, reaching IR. H. Dommus, Glass Science, Wiley & Sons.
as low as - 1/5 of its strength for the speci- New York, 1973; 349 pp,aG. A. Hudson and F. R. Bacon. "Inhibition of
men treated in Ba- or Sr-free solution in 14 Alkaline Attack on Soda-Lime Glass," Am. Ceram.
h. It is known that when alkali metal ions are Soc. B .L., 37 [41 1i- a (195a).'y., Okat, K. S. Ricker, andJ M. Tomozawa, "'Cal-
contained as a glass component, they can cim Deposition on Glass Surface as an Inhibitor to
exchange with other ions from an external Alkaline Attack," J. Am. Ceram. Soc., 62 111-12]
source. This ion exchange can produce 631-32 (1979).

'Y. Oka and M. Tomozawa. "Effect of Alkaline
compressive5 or tensile stresses' depending Earth Ion as an Inhibitor to Alkaline Attack on Silica
upon the relative size of the exchanging Glass." J. Non-Cryst. Solids. 42 535-44 (1980)I M. E. Nordberg, E. L. hsochel, H. M. Garfinkel,ions. In the present experiment, however, and J. S. Olcott, "Strengthening by Ion Exchange," J.
this type of ion exchange is unlikely since Am. Ceram. Soc., 47 151 215-19 (1964).
the alkali content in the glass specimens OF. M. Ernsberger. "Detection of Strength-

Impairing Surface Flaws in Glass." Proc. R. Soc. (Lon-
used is extremely low. don). 257A 11289] 213-23 (1960). 0
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Effect of Surface Energy on the Mechanical
Strength of a High-Silica Glass

V. OKA"* J. M. WAHL,* and M. TOMOZAWA*

Materials Engineering Department. Rensselaer Polytechnic Institute. Troy, New York 12181

The mechanical strength of high-silica glass was measured in was abraded by putting 30 glass rods in a 2 L jar mill with 70 g of
various organic liquids and in water. The extent of the surface- 0.3 p.Am Al,,0 dry powder in vacuum and tumbling them for 30
energy reduction of glass was also estimated from the swelling min. Al20 3 powder was heated in vacuum at 400*C for 6 h to
or the expansion of porous glass, immersed in liquids, by mea- remove water in the powder immediately before placement in the
suring the stress in the core of a partially leached glass. The jar mill. Vacuum in the container during drying as well as in the
stress, normalized to the value in water, showed a good cor- jar mill was < 1.3 Pa. After abrasion, the glass rods were washed
relation with the heat of immersion, which is a measure of the in an ultrasonic cleaner in the same organic solvent as that to be
surface-energy reduction. Mechanical strength and the stress used in the mechanical-strength measurement. The fracture
due to swelling showed a reasonable correlation, suggesting strength was measured after immersing a specimen for at least 30
that t.*. strength variation in various liquids Is due to the min in water or in organic solvents dried by molecular sieves' in
surface-energy variation and the accompanying force which advance of the test. Preliminary investigation on the stress-rate
caused the swelling, dependency indicated that, although the mechanical strength of

glass varies with the stress rate. its stress-rate dependency is similar

I. Introduction in both water and an organic solvent. This suggests that the relative
strength in various liquids is independent of stress rate. Con-

T HE mechanical strength of glass is strongly influenced by the sequently, all the subsequent measurements were conducted at a
environment in which it is measured. For example, the frac- constant stress rate of 1 .7 X 10 ' MPa/min.

ture strength measured in water is approximately one-half of that
in vacuum. .2 Similar strength reduction was observed in organic (2) Surface-Energy Measurement by Swelling

solvents.' There are several suggested mechanisms for the phe- There is no accurate, direct method to measure the surface ener-
nomenon. Charles and Hillig explain it in terms of chemical attack gy of glass rods in liquids. When a glass specimen with a large
at the crack tip by water.6 The reduction in strength in an inert surface area is available, the heat of immersion, which is a measure
environment, such as organic solvents, could be attributed to the of the reduction of the surface energy, can be determined. Another
residual water in the organic solvent. To test this mechanism, method is to use the phenomenon of swelling. That is, when a solid
therefore, organic solvents free of trace amounts of water must be material with a large surface area is immersed in a liquid, the
used. Another mechanism was suggested by Orowan.7 who at- volume of the solid specimen increases and the amount of the
tempted to explain the lower strength of glass in water in terms of volume increase is proportional to the reduction of the surface
the lower surface energy. It is known that the surface energy of energy. The volume change can be measured directly. But here, for
glass is reduced when the specimen is immersed in water. To relate better accuracy,' 6 the extent of swelling, or the volume increase of
this lowering of the surface energy to the mechanical strength, glass in various liquid environments, was determined by measuring
Orowan used the Griffith equation. which expresses the mechan- the stress built up in a glass layer between two expanding layers.
ical strength as a function of the surface energy. Subsequently, It was anticipated that this swelling phenomenon can bridge two
several investigators" -9 used this mechanism to explain the apparently unrelated effects, viz. the surface-energy effect and the
strength reduction of glass in organic solvents as well as in water mechanical effect.
vapor. The surface energy in the Griffith equation, however, is the The glass sample used in the swelling study was a borosilicate
fracture surface energy and, although it may be broadly inter- glass rodo with the nominal composition of SiO 2 70, B201 23.
preted, as was done by Orowan, to include the effect of the test Na2O 7 wt%.
environment, its relation to the ordinary surface energy which can The borosilicate glass rod (6 mm in diam.) was heat-treated at
be evaluated nondestructively' ° -2 is not clear. Earlier it was 550*C for 3 days to induce phase separation. The phase-separated
shown'1 by the present authors that the mechanical strength vari. rod was cut (2.5 by 3 mm in cross section by 100 mm long) and
ation in various environments is related to the reduction of the immersed in 3N HCI saturated with NHCI at room temper-
surface energy of glass and the swelling by using a characteristic ature to leach out the alkali borate-rich phase. Leaching was
of liquid called polarity. Here it will be shown that essentially the stopped at approximately half-way and the partially leached bar
same conclusion can be reached by using a more popular concept, was cut into pieces 3 mm long. A glass piece was rinsed in water
i.e. heat of immersion, " which is a direct measure of the surface- and then dried in an oven at 400°C for 5 h to remove any
energy reduction of a solid immersed in a liquid. organic residue. The specimen was immediately placed in water

or organic solvent which was dried with molecular sieves, and
the stress in the center of the unleached core produced by swell-II. Experimental Procedure
ing of the leached clad was measured at room temperature using

(1) Mechanical Strength Measurement a polariscope.'
Commercial 96% fused silica glass rods' were used to measure A micrometer-slide cathetometer with telemicroscope** was

mechanical strength by the four-point bending method. The glass used to observe the birefringence in the specimen placed in the
rods (3 mmn in dian.) were cut into approximately 6.4 cm lengths polariscope. The analyzer of the polariscope was rotated with re-
and dried at 150C for 3 h. The drying temperature of I5(OC was spect to the polarizer and the quarter-wave plate until the minimum
chosen since physically adsorbed water is known" to be eliminated light transmission through the specimen was observed and the bi-
by heating at this temperature for a short time. The glass surface refringence in the specimen was estimated from the amount of the

analyzer rotation. The accuracy of the measurement was ± 20 in the
analyzer rotation angle. which corresponded to ±2 to -3 nm/mm

Received July 7. 1980; revised oC eived Jar y 12. 1981. Nof birefingence in the present experimental arrangement. The
Suppored by the Office of Naval Research under Conract No. N0004-78- stress in the unleached core. rather than in the leached clad. was
C- 13.
'Membe. tie Americas Ceramic Society. elope 3A. Linde Div.. Union Carbide Corp.. Moristown. N.j
*Now with tie Instisle for Chemical Research. Kyoto University. Uji. Kyoto- Ksustom-made glass. Owens-illionis Technical Center. Toledo. Ohio.

fit. Japan. IModel No. 204. Polarizing Instrument Co.. Inc_ Peekskill. N.Y
to. 7900. Comlng Glass Works, Coming. N.Y. *uerw Scientific Corp.. Chicago. 1l1.
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leached clad

70.

unleached s Hc:or
polarized ,

,i o
light ..e '-0.7nin3

Fig. 1. Partially leached glass specimen and polarized light path for stress U-
measurement with a polariscope.

30 -

oC C14
Table 1. Fracture Strength of High-Silica 20Glass Rods* In Orpank Solvents

Liquid Factur strength 110 MPa'

CCL 1.48±0.18 to at RT
Aniline 1.37±0.19
Benzene 1.36±0.18
CHCI3  1.28±0.12 0 ' 3 L -0 j
Ethanol 1.28±0.19 0 10 20 30 AL0 50 60 7

0
hours

Formamide 1.23±0.10 IMMERSION TIME
Nitrobenzene 1.14±0.14

Methanol 1.07±0.12 Fig. 2. Immersion time dependence of birefringence in unleached core
Water 1.05±0.17 in water and CCI.; birefringence is expressed by optical retardation. Thespecimen was dried at 400'C for 5 h before immersion.

•Vycor. Coming 7900. Coming Glass Works. Coming. N.Y. 'Stres rate 1.7x 10 s

MPa/min.

When the glass used for the swelling experiment is heat-treated
for phase separation, and completely leached and subsequently

measured to avoid the effect of possible microstructural bi- heated for consolidation, it turns into a glass"5 similar to the high-
refringence of porous glass. ' 7 Orientation of the specimen with silica glass used in the mechanical strength measurement of the
respect to the polarized light path is indicated in Fig. 1. Because of present experiment. Thus the phase-separated and leached clad has
the rectangular cross section, the strains in two directions perpen- a composition identical to that of the commercial high-silica
dicular to the light-path direction are different in magnitude and a glass.! Therefore, the mechanical-strength data can be directly
birefringence appears. The magnitude of the birefringence is pro- compared w*.th the swelling data, since both refer to the same glass
portional to the stress, which in turn is proportional to the amount composition.
of expansion of the clad. Thus. although the absolute magnitude of ill Resut
the stress or the expansion cannot be determined by this mea-
surement, the relative magnitude can be determined accurately. (1) Mcha al St"14t

The amount of swelling of the leached layer and the consequent The mechanical strength of glass in various liquids is shown in
stress generated in the unleached layer are strongly influenced by Table I in descending order. Here 30 data points were averaged for
the surface area and the surface condition of the specimen. There- each liquid and the error range indicates ± standard deviation. It
fore, it is important to use the same specimen with the same surface can be seen that the strength varies widely from the highest value
condition for various liquids to compare the effects of different of (1.48±0.18) x 102 MPa in CCI, to the lowest value of
liquids. Thus, the following procedure was used. The specimen (1.05±0.17) x 102 MPa in water.
was dried at 400°C for 5 h for cleaning and then immersed in water
to measure stress due to swelling. Subsequently, the specimen was (2) SurfWace-EUwt1y MearWent by Swelling
dried at 400' or 80C for 5 h aid immersed in each liquid. The When a leached specimen was immersed in liquid, the specimen
birefringence was found to increase with immersion time, reaching expanded slowly since a liquid penetrates slowly into the smallest
a steady-state value in 12 h. This steady-state value was designated pores, replacing air. Corresponding to the swelling of the leached
as S. These values of S in various liquids were normalized to the clad, the suss and the birefrinence in the unleached core in-
value in water, So for the same sample in water after 12 h. Namely, creased with the immersion time, reaching a steady state value in
the process can be expressed as follows: approximately 12 h, as shown in Fig. 2 for CCI,. Water was

drying at immenion drying at 400 -C immersion in410Cf, 5 h "r in water -* or W0C. 5 hI"- organic liquid A

So SA

dynatimmersion drying at 400*C ime indrying 2 _1..

0Ch in water or V , 5 h orgnic liqd

so so
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Table 11. Normalized Swelling Stresses in Organic Solvents sA.

Liquid Dried at 4OC Dried at 80C 00. 1 ethanol2 ndlrobenzene

CS 0.22±0.01 0.520.02 3 CC11
Benzene .... ±0.02 .57±0O.03 4. benzene

CC , .23±0.03 .55±0.03
oluene .23±0.02 .55±0.02

Nitrobelzenc .24±0.02 .60±0.05
Chlorobenzene .240±30.04 .570..2 00.

CHCIh 25±0.02 .65±0.063 2
Aniline .30±0o.03 .62±.0.0-5

Pyridine .31 ±0.01 .71 ±0.03
Ethanol .37 ± .02 .71 t 0.02

Propanol .42±0O.02 .70-±0.03
Forrnamide .49:t0. 02 .75±.0.03 0.2
Methanol .51±-+0.02 .87±*0.03,

*Specimens were dned iwr 5 h at temperature indicated before they were immersed 0. . !"(07 8h 0

in organic solvents S and S, are the stresses in the unleached core in the organic 'H2 0
solvent and water. respectivel)

Fig. 3. Relation between stress in core of partially leached glass im-
mersed in various liquids normalized to the value in water vs normalized
heat of immersion. (0) TiO:. (0) SiO2 (Ref. 22).

somewhat exceptional and the birefringence kept increasing, as
shown in the same figure. The birefringence. which is proportional
to the stress generated by swelling, expressed by a normalized form
S/S obtained after 12-h immersion in liquid, is shown in Table Ii
for both 400 and 80'C drying. The reproducibility was checked by unique. For example, other investigators observed lower mechan-
repeated measurement of So and was found to be satisfactory. The ical strength in this liquid than in water. Also, according to Kuz-
results show that the lowest normalized stress is observed in sol- netsov,23 most liquids show a good correlation between their
vents such as CS2. benzene. and CCI, whereas the largest stress dielectric constant and the surface energy of glass in the liquid.
was generated in water. whereas nitrobenzene deviates from the trend. showing a greater

surface energy of glass than expected. (A small amount of acid

IV. Discussion (HNO 3) in the solvent may be responsible for the deviation.) Be-
cause of the anomaly of this liquid, although the exact reason for

Swelling, the volume expansion, of glass can take place by it is not known, the data point for this liquid is shown using a
various mechanisms, one of which is the chemical reaction or ion different symbol in Figs. 4(A) and 4(B). With these consid-
exchange observed in electrode glass. " In the present experiment, erations, it can be seen that there is a reasonable correlation be-
alkali content in glass specimens was too low to observe this type tween the mechanical strength and the extent of swelling, which is
of phenomenon, the swelling observed in the porous glass was a measure of the surface-energy reduction.
related to the surface-energy reduction. The slight difference between Figs. 4(A) and 4(B) can be attrib-

Yates 2 showed that the following equation is applicable to the uted to the different surface conditions of the glass produced by
expansion of the porous glass by gas adsorption: different drying temperatures. It is well known2 2 that the surface

hydroxyl concentration decreases with increasing drying tem-
A1 I= (2.p / 9K) A~y (1) peratures and that waterS as well as organic solvents such as

where I and A1 are the original length and length change of the benzene" and methyl alcoholz are adsorbed on the surface hy-
specimen, respectively, I is the specific surface area; K the bulk droxyl. Thus, the surface hydroxyl concentration and the amount of
modulus, Ay the surface-energy reduction, and p the density of the swelling in a given solvent of a specimen dried at 400°C are ex-
glass portion of the porous glass. This expression has been con- pected to be less than those of a specimen dried at 80°C.
firmed experimentally. 2 ' In the present experiment, when a po- These observations clearly establish that the mechanical strength
rous clad expanded by reduction of the surface energy, a corre- correlates well with the surface-energy reduction. As was pointed
sponding stress increase was observed in the core. Since the stress out, Orowan's mechanism' is not satisfactory since the relation
in the unleached core, which existed before the swelling took between the surface energy and the fracture surface energy in the
place, is much smaller than the observed stress, S/So is considered Griffith equation is not clearly established. The real function of the
to be approximately proportional to the reduction of the surface surface energy in the mechanical strength. therefore, is not explic-
energy. This conclusion can be further confirmed by comparing the itly included in the Griffith equation. Here. it is suggested that a
stress caused by swelling with the heat of immersion, which is mechanical force due to the surface energy which produced swell-
identified with the reduction of the surface energy in liquid. Corn- ing is responsible for the observed strength variation. That is, when
parison is made in Fig. 3 for selected liquids. Although the data for the surface energy is reduced the corresponding mechanical force
heat of immersion for SiO2 (which has a similar composition to the changes, causing swelling of the surface layer. It is speculated that
glass used in this investigation) are limited, according to Boyd and this mechanical force due to the surface energy changes the me-
Harkins2 the heat of immersion normalized to that in water, chanical strength ofglass either directly by changing the local stress
hi/im, o, depends almost entirely on the nature of the liquid and not and the elastic energy or indirectly by changing the crack-tip radi-
on the type of oxide immersed. Thus, in this figure both values for us.' For example. the surface energy produces a pressure which is
TiO2 and SiO are used. Figure 3 shows a good correlation between proportional to the surface energy and reciprocally proportional to
the swelling stress and the heat of immersion, both normalized to the radius of curvature. Thus this pressure is expected to be large
values in water. This result indicates that the swelling measured at the crack tip and it works to increase the radius of curvature at
here is a good indication of the surface-energy reduction of glass. the crack tip. When a glass specimen is immersed in water and the

The relation between the mechanical strength in various solvents surface energy is reduced, this pressure is reduced and the radius of
and the observed S/So values are shown in Figs. 4(0) and 4W). A curvature at the crack tip is expected to become smaller. This
reasonable correlation between the strength and S/So is observed, would lead to the greater stress concentration at the crack tip and
with the only exception being nitrobenzene, which is known to be the lower mechanical strength in water.
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x 1 _0_PG _ _ _ _ _ T 1.tle ll ubiltyand Speci'led WaterCotet

7 CC1 aa. eOrgank Soents Before Mwecvisi Sieve lk" tn

1 1 2 benzenle Liquid Specified ctmc (w1% ) Solutbit~y ae 25*17 twiFI

• 3 ritrolienzene

14 CHC 3  CCI4  0.01 0.01
5 aniline CS, <0.05 .012 _ 6 ethanol Toluene 0.01 .05
7 formamide.0
8 methanol Benzene 0.05 .06
9 water Chlorobenzene 0.02 .04

CHCI3  (0.75 C2HOH) .08
Pyridine 0.05

Z 1.- 7 Nitrobenzene (0.003 HNO,)w "Aniline
13 Propanol

w gEthanol (Anhydrous)

SIFormamide

10 f-content is reduced to <I0 ppm in most cases and to <I ppm in3
some cases.

9 When a dried glass is placed in such solvents, water will be
adsorbed on the glass surface selectively. m"' The fugacity. f. of
water in a solvent with extremely low concentration. X. of water is

SL,, , A A- given" approximately by
0 2 0.3 0.4 0.5 0.6 1.0Slf f=PO (X / Xs)  (2)

where Po is the saturation vapor pressure of the pure water and X
(10 MPG is the solubility of water in the solvent. If we take benzene contain-

17 I CC/ ing I ppm of water at 259C as an example of solvent.
2 benzene f'=3.17 MPaX[ 10 6 /(0.06X 10-2)]=0.00528 MPa (3)• p+3 nitrobenzene

16 4 cHnl3 It is possible. using this fugacity value, to estimate the extent of theI 5 S5 aniline

-6 ethanol selective water adsorption from the solvent on the glass sur-
tormamide face.31 .32 The maximum amount of water adsorption can he obtain-
methanol ed by assuming that the solvent is not adsorbed and using the

9 water adsorption data of pure water vapor with the same vapor pressure. "

1 , T . From the adsorption isotherm, the reduction. wt. of the
7 surface energy of the solid can be calculated," using the followingus 1equation:

S13- 3
= (RT/V , (v/P)dP 14)

where R is the g.s constant, T the absolute temperature. V the

11.molar volume of gas, X the specific surface area of the solid, P the
A. 11 A equilibrium pressure of the adsorbed gas, and v the volume of gas4 adsorbed per gram of solid. Using this relation. Boyd and

0 Livingston3 estimated the surface-energy reduction of SiO 2 onto- immrersion in sturated vapor at 25°C and obtained 244 XI0 -

i/cm2 for water and 52x 10- 7 J/cm" for benzene. The reduction in
the surface energy of the specimen immersed in the corresponding

(B) liquids is expected to be larger. The reduction in the surface energy
, , . , of a solid can be obtained as a function of vapor pressure using the

OA, sa w 0 7 o 0 o , .Oun equatio n .
Wheat porous high-silica glass is immersed in benzene contain-

ing I ppm of water, the reduction in the surface energy of the solid
FIl. 4. Fracture strength of high-silica glass rods vs normalized is estimated, by assuming that benzene is not adsorbed on the glass
swelling stress (SIS) ia organic solvents (srm rae I.7x 101 MP/iin) nrface, to be <1.5% of the surface-energy reduction in the satu-

specimens dried for 5 I at (A) 4W and (B) WC befor swelling rated water vapor."' If the values obtained by Boyd and
Lsvingiton3 M used here, the surce-nergy reduction due to I

ppm impurity war in benzene is <3.7x 10-' Jcm. far smaller
than he surface-energy reduction by pure benzene, 52x 10-'
J/cru. This differemce is actually even greater, since the amount of

(1) ht ef . idal Water wae adsorption from Ieree containing I ppm water is less.
It is important to consider the possible effect, on he presem whereas the surface-energy reduction by pure benzene liquid is

observations, of impurity water in various organic solvents since larger than te diove value obtained for the saturated benzene
watr has the greates effect on both medanical strength sad swell- vapor. T1m, the effect of a trace amount of water can be neglected
ing of ghames. In the present experiment, reagent-grade chemicals hre.
were used and all liquids were treate with a molecular sieve. The It is known that a small amount of water vapor in air or N.. gas"'
specified concentrtions of water in these organic solvents before can influence the mechanical strength and a similar effect may be
treatment with the molecular eve areshown, together with the expected for the measurement In organic solvents. From the above
soui-llty atlrinalecJtesdoriliaveuts, i Table Im. It has discussion. however, it is clear that there is a subtle difference, as
bas cimed da, after molecular sieve treatment, the wamer far as he effect of a small amount of water is concerned. between
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The dissolution rate of silica glassStss Corrosion of Silica Glass (-3 nun in diam. and 3 cm in length) in
S. IT'" and M. TOMOZAWA* water at 285°C was measured as a function

of hydrostatic pressure using a hydro-
Materials Engineering Depaietme. Rensselaer Polytechnic Institute, Troy. New York 12181 thermal high-pressure unit. The sample

glass rod and distilled water were placed
in a high-pressure stainless steel tube

Dissolution rate of silica glass in water was measured as a function of hydrostatic and various pressures up to 247 MPa
pressure at 285 ° attd was found to increase with increasing pressure. This (2520 kg/cm2) were applied by water as a
observation appears to be contrar to the stress-corrosion hypothesis of the static pressurizing medium. Then the tube was
fatigue of glass. placed in a furnace kept at 285C. After

treatment, the tube was pulled out from the
furnace and was immersed in water to

FATIGUE phenomena of glass are often reaction such as water-alkali ion exchange quench the sample. The reduction of the
explained by a stress-corrosion mech- is excluded. The reaction considered by diameter of the sample rod was calculated

anism originally developed by Hillig and Hillig and Charles is: from the weight loss, surface area. and
Charles.' According to this mechanism, the density of the glass. The results are sum-
reaction of glass with water (corrosion) is SiO 2+H 20--Si-OH+HO-Si- (2) marized in Figs. I and 2. It can be seen
accelerated by tensile stress and the reac- If this reaction is continued, the dissolution that the general form of Eq. (5) is satisfied
tion rate (corrosion rate) v. is given by: of glass into water takes place by: in this case. However, the activation

givenby: lassvolume is found to be -27 cm'/mol, a
(V* 

)(v)exp -a SiO2+nH 2 0--SiO2  n H20 (3) negative quantity, contrary to the assump-
1, e -r tion used in Eq. (1). In the present mea-

where n is an inte 1er and the value is surement under hydrostatic pressure. both
where vo is the reaction rate under zero usually taken as two. To modify the crack glass specimen and water are pressurized
stres. u the stress, being negative for ten- geometry by corrosion, this dissolution uniformly, while in the mechanical strength
sile stress. V* the activation volume which equation is considered necessary; Hillig measurement, only the glass specimen is
is assumed positive.' 2 and R and T have and Charles discuss the flaw geometry stressed. Therefore the possible effect of
their usual meaning. This accelerated change due to corrosion or dissolution. this difference on the activation volume
reaction produces either a crack extension According to the chemical reaction should be considered. Activation volume
or a sharpening of the crack tip, which rate theory,6 if in the reaction (3), the reac- AV* of reaction (3) can be expressed, from
increases the stress concentration at the tants go through an activated complex the reaction rate theory, as:
crack tip.' eventually leading to the which has a unique volume, to the resulting
mechanical failure of the glass. product, the following equation can be ob- V*=V *-sto,-nVH:,O (6)

However, there is no direct experi- tained for the reaction rate constant, k: where V, is the volume of the activated
mental evidence of the stress-accelerated- a In k AV* complex, and Vsjo, and VH,o are the
corrosion of silica glass. It is true that the = (4) volumes of SiO 2 glass and water.
experimental observation of the fatigue 8P RT respectively. AV* was found, by the
phenomenon can be explained by the model where the activation volume AV* is the present experiment. to be negative under
reasonably well and the crack extension partial molar volume of the activated com- hydrostatic pressure. If only glass is sub-
measurement appears to support Eq. (I ),4 plex minus that of the reactants. If AV* is jected to the stress, the volume of water
but there is no proof that the crack exten- independent of pressure: VHo is expected to be larger and AV*
sion rate is equal to the glass corrosion raw. should be more negative than what is

In general. there can be many types AV*p' found here. Thus the present observation
of corrosion reaction of glass by water, exp _---P) casts a doubt on the stress corrosion
including water-alkali ion exchange. But mechanism of fatigue phenomena of glass,
here, only SiO2 glass is considered and where Ao is the rate constant in the absence which is based on Eq. (I) with positive

of external pressure. This relation has been activation volume.
C0et.ienIo t Erora-T. P. SlwAn found to hold for many reactions with AV* It is possible, although not probable,
Plemsted 83rd, AudaMeet A - ranging from -50 to +20 cm3/mol? that the dissolution rate of SiO2 glass

cai Ceramik Society. Waiingion. D.C.. May 4. 1961 Equation (I) is similar to Eq. (5), but increases both with tensile and compressive
(GIuu Divisi,. o. 4- -Gl). Received May 22. 1911c
revised copy rceived July 24. 191. in Eq. (5), P is the hydrostatic pressure stress. Also, a stress gradient near the crack

sypemd by he Office of Naval Re uder while in Eq. (I). or is the uniaxial stress. In
Conmat No. 04 C315. this work, (5) was evaluated to learn p may accelerate the corrosion reaction.

*Memnni the Ariesicu Ceramic Society. Eq. These possibilities have to be explored
SleO from Kyoto Univeraity. Kyog. buin. the validity of Eq. (I). before the stress-corrosion mechanism is

completely abandoned.
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Crack Blunting of High-Silica Glass
S. ITO"'* and M. TOMOZAWA*

Materials Engineering Department, Rensselaer Polytechnic Institute, Troy, New York 12181

The mechanical strength of abraded high-silica glass was To correlate the change of the mechanical strength o1 the glass

measured after immersion in wsater and silicic acid solution at held in H20 and the Sit(H)4 solution with the phenomena on the
room temperature and 88oC. The strength increase was glass surface, the dissolution rate of glass was measured in both
observed at 88*C. This phenomenon Is usually explained by solutions. Since the glass rods used in the mechanical strength
crack blunting. From an observation of the dissolution rate of measurement had a low dissolution rate in these liquids for these
a porous glass with a similar composition and a comparison of treatment times and temperatures, a high-silica porous glass was
the strength increase in water and silicic acid, it was concluded used to study the surface phenomena. This porous glass had the
that the dissolution and subsequent precipitation of the high- same composition as the high-silica glass rods and a large surface
silfa glass is the mechanism of the crack blunting. area. It was prepared by heat-treating an alkali borosilicate glass'

(7 wt% Na2O, 23 B103, 70 SiO2) at 550'C for 72 h to obtain phase
separation and subsequently leaching the alkali borate-rich phase in

I. Introduction 3N HCI saturated with NHCI at room temperature. The leached
T HtE strength of an abraded glass rod increases when the rod is porous glasses were then heated at 400'C for 5 h. When the porous

held in water. This phenomenon is usually explained by the glass is heated to a high enough temperature, the high-silica glass
blunting of the crack tip.' It i, believed that the radius of curvature used for the mechanical strength measurement can be produced.
ot the crack tip becocin" larger due to a chemical reaction of the To determine the dissolution rate, the porous glass ith a mass of
glass with water. causing the stress concentration at the crack tip -I g was immersed in 0.1 L H,O and the Si(OH). solution at
at the time of loading to decrease and the strength to increase, room temperature and at 88C for various lengths of time. Sub-
Howeser, the details uf the phenomenon and the mechanism of the sequently, the porous glass specimen was immersed in fresh
crack blunting are not clear, distilled water at room temperature and cleaned using an ultrasonic

In the present work, the effect on mechanical strength of soaking cleaner for -5 min. This cleaning procedure was repeated twice,
high-silica glass in H:O and in an Si(OH;, solution was in- usingfresh distilled water each timn"lhen the pecimen was held
%'estgated and compared with the chemical corrosion rate of the in fresh distilled water for I h and weighed while still in the water.
glass, to clarify the mechanism of the crack blunting. The high- Because of the large surface area of the porous glass, the dis-
silica glass, rather than alkali-containing glasses, was used to avoid solution of an extremely thin surface layer becomes detectable by
the possible complication due to alkali-water ion exchange which the weight loss measurement. The dry porous glass, however.
can produce the surface stress.' adsorbs moisture which obscures the true weight change of the

specimen. To avoid error due to the moisture adsorption, the
weight change was followed by weighing the specimen in water

II, Experimental Procedure at room temperature; the results were converted to the weight

Commercial high-silica glass' rods (-3 mm in diam.) were used change in air by taking the buoyancy of the specimen in water into
for the strength measurement. This glass contains only 0.02 Wt% accou elaborate cleaning procedurt au ormove the
NaO and 0.02 wtC K1O, and the effect of ion exchange is issolved glass from the pores. Even if t c dissolved glsiotconsidered to be minimal. The glass rods were cut into -6-cm eompletely removed from the pores, however, its effect on the
lengths and the surface of the glass was abraded by tumbling the 'density of water in the pores is small since the solubility of Si(OH h
rods in a I L jar with SiC abrasives (600 gritl for 2 h. Subse- in water is small (,120 ppm at room temperature) and thus the
quently, the glass rods were kept in water and in the Si(OH). error in the weight loss measurement is small. The surface area of
aqueous solution at room temperature and at 88C for various the porous glass was measured by the BET method.%
leths of time. The Si(O-b solution was prepared by suspending
2 g of finely ground silica gel in I L of water at room temperature Th
anti at 88°C for It) days. The mechanical strength of the glass rods Qa e
was measured in H.O or in the SitOH), solution at room tem-
perature by the four-point bending method. The strength of the
specimen .oaked in water was measured in water, whereas that of
the specimens soaked in Si(OH 4 solution was measured in that
solution. There was no difference between the strength measured
in H,0 and that in the SitOH), solution when the same sample was
ued. Since the mechanical strength is known to be influenced by
the stressng rate, a constant stressing rate of 9.0x 10' MPamin - '
was used. About 30 specimens were used to obtain one data point.
For selected slpecimens, the mechanical strength was also mea-
sured in liquid nitrogen.



111. Results

The mechanical strengths of glass rods measured in H20 and in
the SO~H), aqueous solution at room temperature are shown in
Fig I as a function of soaking ui and temperature. It is seen that
the strength ut the elass held in the St(OH), solution at 88oC
ncreases rapidly in the first -240 h and then remains practically
n, hanged, sshercas the strength of specimens held in H.,0 at the

same temperature increases gradually with increasing soaking time
and, after 360) h. the strength approaches that of specimens held in
the SiiOHl. solution at 8°C. The strength of glass held in H:O and
the SitOH), solution for 360 h at 880C is higher by -30% than that
ot freshly abraded glass.

The strengths of specimens corresponding to points A, B, and C
in Fig. I were also measured in liquid N2 and their values were
found to be 134=10, 155=7, and 161-9 MPa, respectively.
However, the strength of glass held in H20 and the Si(OH). solu-
tion at room temperature remains practically unchanged.

The weight changes of porous high-silica glass in H20 and the
Si(OH), solution at 88°C are shown in Fig. 2. The results are
shown also in terms of the thickness lost, assuming that the entire
initial surface is removed uniformly, using the value of the initial
surface area. 140 m2/g, and the density of the high-silica glass.
2. 18 g/cm'. 1 Figure 2 shows that the weight of glass held in water
decreases linearly with soaking time in the first - 100 h and then
more slowly, and that the weight loss of glass held in Si(OH), is
less, being only - vu. of that in water. The dissolution rate of the
porous glass in the first 11)0 h was found to be -5 X 10-' nm/h in
water and -5 x 10 ' nm/h in the Si(OH), solution. No detectable
weight loss was observed for porous glass held at room tem-
perature, even in water.

IV. Discussion

The results in Fig. I show that the mechanical strength of
abraded glass increased with increasing soaking time in solution at
88'C. This strength increase is usually explained by crack blunting
caused by the dissolution of glass in water.' Alternatively, the
strengthening by a surface compressive layer formation by the
diffusion of water into the glass surface is conceivable. However,
since the heat treatment of a water-soaked specimen at 400°C for
3 h, which would eliminate the possible surface compressive layer
by water diffusion, did not alter the mechanical strength,' this
mechanism is unlikely. Another explanation for the strength in-
crease can be the release of the residual tensile sress produced
during abrasion. Marshall and Lawn s observed that the strength of
an indented soda-lime glass increases by -20% when the glass is
left unstressed for - I h at room temperature. They attributed this
strength increase to the release of the residual tensile stress around
the radial crack which determines the mechanical strength of the
specimen, by the lateral crack growth. However, this residual
stress effect is known to be smaller for extensively abraded samples
and high-silica glass" specimens, which were used in the present
work. Funhermore, the faster strength increase observed for speci-
mens treated in the SitOH,) solution than those in water cannot be
explained by the residual stress release. The fact that the strength
increase was observed only when the glass dissolution rate was
measurable indicates that the ubservcd strength increase involves
the dissolution of the glass and the alteration of the crack geometry.

Often the crack-tip geometry is assumed to be elliptical, as
shown in Fig. 3 (solid line). The strength increase of the soaked
glass indicates an increase of the radius of curvature of the crack
tip. Thus it is possible to estimate the extent of the crack-tip radius
chance from the strength change, using the relation:
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where So is the solubility of the flat surface, y the interface energy,
tr,/lr!= p, /1)2 (I) M the molecular weight, and i the density of glass. Figure 4A )

where urt is the sireneth of a samplc with a crack-tip radius, p,, and shows the solubility ratio, S/S,,, of the glass as a function of p and
a. is the strength of a sample with a crack-tip radius. p.. /, using MI=60.1 g/niol. T=361 K, and J=2.2 g/cm'.; y is
This equation was obtained from the Inglis equation7 of stress usually 5 to 10 iAJ/cma'.'2 Figure 418) shows the change of the
concentration: radius of curvature of an elliptical crack near the crack tip. It the

dissolution rate is assumed to be proportional to the solubility, S,
(2) the dissolution rate decreases rapidly with decreasing radius of

where a is the stress at the crack tip, o the applied stress curvature; at the crack tip, the dissolution rate is expected to
(measured strength %hen or reaches the bond strength). C the crack be a minimum.
Ilengt and p the crack-tip radius, assuming that C remains When there is a difference in dissolution rate, depending on the
unchanged during the blunting process, i.e. position in the crack, the process of dissolution and precipitation"

- -1 is expected to take place, since the diffusion of dissolved glass in
2ur,'C/p,=21,''C/p., (3) liquid would be reasonably high (-lO cm./s "). In fact, this

Here, the strength change observed at liquid nitrogen temperature process was directly observed in microcracks of NaCI and KCI
should be used since, at room temperature, the mechanical strength crystals." The dissolution and precipitation mechanism is also used
is influenced by stress rate and this stress-rate dependence changes to explain the silica gel dissolution kinetics."' '

" Silica precipitated
with the soaking time.' The strength increase of glass soaked iA from solution on a substrate is known to be dense and nonporous
water (1 161 and in the Si(OH1 solution (-20%) for 240 h and similar to vitreous silica2 ; its strength is expected to be as high
observed at the liquid nitrogen te mperattire, where there is no as that of high-silica glass. Thus, a inure realistic model of the
stress-ratc dcpcndence, therefore, represents the true change in crack blunting would invIlve,he glass dissolving at a portion
crack geometry. where the radius of cu 1t0 p is large and precipitating at the

Crack geometry on the glass surface is not exactly known, but crack tip where p is ,niinimum. The resulting crack shape by
I Pavelchek and Doremus" estimated that the crack depth is -6 Lm this mechanism is shown schematically by a dotted line in Fig. 3.

and the radius of curvature is -2.0 nm. Assuming an elliptical According to this mechanism, the results in Fig. I can be explained
crack with these dimensions, the increase of radius of curvature reasonably: When the glass is soaked in a saturated Si(OHh solu-
was estimated from the strength increase by crack blunting. The (ion, supersaturation of Si(OH), occurs at the crack tip where
strenech increase of glass soaked in water ( 16%) and in the solubility is very low. Therefore SiOC would precipitate at the
SitOH I solution 1-20%) for 240 h corresponds to the increase of crack tip, since the relation of Eq. 4 goes from right to left. As
radJis of curvature from 2.0 to -2.7 nim in water and to -2.9 nm a result, at first the radius of curvature, and consequently the
in the SiiOH) solution. These results are summarized in Table I. strength, increase rapidly. However, as the crack-tip radius of
These increases must be considered to occur while the glasses are curvature increases and the degree of supersaturation at the crack
held in water and the Si(OH). solut-'" at 88°C for 240 h. tip begins to decrease (Fig. 5), the precipitation rate of SiO is

Usually, when the glass is held water it is considered to expected to decrease. (in Fig. 5, the solubility of silica at 88-C,
react with. and then dissolve in, water. The chemical reaction is 330 ppm," was used, since a saturated Si(OH), solution was used
expressed as"' in this study.) When the degree of supersaturation became less than

-,30 ppm, the precipitation rate of SiOC became very slow."
SiO,+2H:O1,. -Si(OHL (4) Therefore, the radius of curvature is expected to increase very

If the crack brunting, viz. the increase of radius of curvature, is due little, beyond a certain value, e.g. 5 nm it the surface energy is-~~ asmd /cm . Thus, the strength increase slows down eradu-
to a uniform dissolution of the lass, as shown by the dashed line . tA cmTs, at stnt as sows don tdu
in Fig. 3. the crack tip is expected to become blunt much aster intheHO than in the acHti s ince the dlut rate he other hand, when the glass is soaked in H20, at first it dissolves at

glass was found to be larger in H2O, as shown in Fig. 2 and as a .1 r ith positive radius o f curvature or large negative radius
expected from the chemical equation. Therefore, the strength of otreiiate andt the dissolved gls i tenthe crack and thenglass held in H2fO would be expected to increase at a faster rate than precipitates at the crack tip. Therefore, the strength increase of thein the Si(OH), solution. However, the experimental result as seen glass soaked in water is slower than that in the St(OH), solution.
in Fig. I shows the opposite trend. Furthermore, when the crack At room temperature, since both the dissolution rate and the
surface dissolves uniformly at the above rate, the radius of curva- precipitation rate of SiO2 are considered to be very low, the
cure of the crack increases only by 0. 12 nm in water and 0.012 nm mechanical strength increase is expected to-be very small in both
in the SitOl), solution after 240 h. far less than expected from the water and the Si(OH) solution.
strength inc:rease. Thus, it appears unlikely that the uniform Thus, precipitation-dissolution appears to be the mechanism of
Aiiiincan explain the observed phenomena. d ,;S 0 ' 1cn crack blunting of high-silica glass.

So far only the uniform dissilution of the crack surface was
considered i reality, however, the solubility is a function of Acknowledgment: The authors thank j Moltnetli for crtcal reading of
curs atic of thc sot ace.' The solubility, S, of the urf
,,ith radius ot curvature PA4 expressed as ,fa '- A I..cr0C "
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Table J. Stre h of High-Silica Glass at Liquid N2
Temperatured and Estimated Radius of Curvature

Strength in liquid Increase of strength p
Sample N. (MPa) after treatment () (num

Freshly abraded 134t 10 na2.0
Soaked in H-0 at 155= 7 ,16 =,2.7
. 88°C for 240 h
Soaked in Si(OH), 161± 9 -20 -2.9

solution at 880 C
for 240 h

maj;

is110C
00

,.

CL

7'O ' Jj st

Fig. 1. Fracture strength of high-silica glass rod at room temperature as
a function of soaking lime (0) in HO at 88"C, (O) in H:O at room
temperature, (0) in Si(O|4), solulion at 88C, and (0l) in SiIOH), solution
at room temperature. (Strength of specimen soaked in water was measured
in water and thai of specimen soaked in SiIOH). soluliopi,,n Si(OHh
solution; error barb indicate ±I standard dieviation.) 1- n- A#E4
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Fig. 2. Dissolution. rate of high-silica porous glass in
H.-O and Si(OH), solution at 810C. iFI . 3. Schematic of crck-tip geomtry.

(A) a(B) /
(A) ':2 -c- -

o ~
0h~ a 8

'AI_

I 0 1 2 3

0 2 1, 6 8 10 Distance from the Crock Tip (rn)

Radius of Curioture (fni)

Fig. 4. (A) So raility ratio at BSC as a function of radius of curvature of crack surface. 5 -solubility of. s A 'c cack
%% ith radius of curva'ture, p. and S.- solubility of flat surface; -/ is given in AJ/cm2. (B) Radius of curvature near crack
tip as a function of distance tin direction of crack) from crack tip, assuming an eliptical crack 6 Am deep with crack-tip
radius 2 nm.
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Fig. S. Degree of supersalwrion as a function
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EFFECTS OF SURFACE CONDITIONS ON STRESS-RATE DEPENDENCE OF

MECHANICAL STRENGTH OF HIGH1 SILICA GLASS

S. Ito* and M. Tomozawa

Materials Engineering Department
Rensselaer Polytechnic Institute
Troy, New York 12181

Changing the surface conditions of high silica glass was found
to influence the stress rate dependence of mechanical strength.
Specifically, the replacement of hydroxyl groups on the glass surface
with silane or Grignard reagent nearly completely eliminated stress
rate dependence and the soaking treatment in water at 88*C reduced
the stress-rate dependence. The results appear to be inconsistent
with the stress-corrosion mechanism. Instead they can be explained
in terms of the reduction of the surface energy as a function of
time.

INTRODUCTION

Mechanical strength of glass is known to depend upon the stress
rate of the measurement. I -4 This phenomenon, sometimes called a dy-
namic fatigue, is believed to be closely related to the static fati-
gue and is usually explained in terms of the stress-corrosion mechan-
ism.1 Namely, It is believed that the glass corrosion reaction ac-"
celerated by a tensile stress reduces the glass strength and that in
the higher stress-rates, the glass surface has little time to undergo
the corrosion reaction with water or water vapor and so the glass
tends to show a higher mechanical strength. However, a similar
stress-rate dependence was found for the mechanical strength of high
silica glass measured in liquid CC14

5 as well as in water even though
the former does not react with glass. At a constant stress rate, the
mechanical strength of high silica glass measured in various liquids
correlated well with the surface energy of the glass in the li-
quid.5" 6 Furthermore, direct measurement of the corrosion rate of
glass under hydrostatic pressure showed an increase in the corrosion
rate with compressive stress, 7 contrary to what is expected from the

On leave from Kyoto University, Kyoto, Japan.
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stress-corrosion hypothesis. These observations led the present 2
authors to an alternative mechanism, i.e. time dependent surface
energy at the crack tip. Since the lower surface energy leads to the
lower mechanical strength, the gradual reduction of the surface
energy can account for the lowering of the strength of time, i.e.
fatigue.

The surface energy of the glass can be reduced by the adsorption,
both chemical and physical, of various molecules. In the case of
water-glass interaction, chemical adsorption produces the surface hy-
droxyl and physical adsorption of molecular water takes place prefer-
encially at these surface hydroxyl sites.8 Other molecules such as
benzene are also known to be physically adsorbed on the surface hy-
droxyl.9 Thus it is expected that if the surface hydroxyl is elimi-
nated from the glass surface, physical adsorption of molecules be-
comes difficult and consequently reduction of the surface energy will
be hampered. According to the mechanism suggested by the present
authors, this type of surface would lead to the reduction of the fat-
igue phenomenon. Alternatively, when the surface energy is reduced
such that very little additional reduction can take place, the fati-
gue should be minimized. With these ideas, the effects of the sur-
face conditions on the stress-rate dependence of high silica glass
were investigated. Specifically, in order to prevent the physical
adsorption of water, chemical treatment was given whereby the surface
hydroxyl is replaced by other radical. Alternatively, in order to
minimize the additional surface energy reduction, glass was soaked in
water at the temperature where crack tip is known to react with water.

There are several previous nvestigations10-12 on the surface
treatment-fatigue relation of various commercial glasses such as
soda-lime glass. Here, in order to avoid the possible complications
caused by alkali ion-water reaction, a high silica glass with low
alkali concentration is used.

EXPERIMENTAL

Commerical high silica glass rods ('%'3mm in diameter; 6 cm in
length) were used for the measurement. The surface of the glass rods
was abraded by tumbling 60 glass rods with 100 g of silicon carbide
powder (600 grit) for 2 hrs in a I t jar mill. After abrasion the
samples were washed three times in an ultrasonic cleaner for 2 min-
utes each time in water and then dried at 120C for about 3 hrs in an
oven. Subsequently, the samples were immersed in various liquids for
surface treatment of the samples at least 2 hrs. The liquids em-
ployed were

(a) water
(b) 2 vol 1 CK3SiC13 in Heptane solution
Cc) 2 vol % (CR3)3SIC1 in Heptane solution
(d) 0.1 M CH3MgBr (Grignard reagent) in n-Buthyl ether solution

• Corning 7900, Corning Glass Works, Corning, New York.



CI3 SiCl 3 , 13 (CH3)3SiCl
t3 and C 3MgBr

1 4 in liquids (b), g:1, And (4), 3
respectively, are known to react with hydroxyl groups on the glass
surface and water in the liquids, thus removing water in the environ-
ment. (In order to accelerate the reaction between the glass surface
hydroxyl and silane, the specimen was pre-treated in the respective
silane solution containing 1 vol % (C2H5)3N before they are placed in
the above silane solution). The resulting glass surfaces in (b) and
(c) are known to be hydrophobic.15 Water (a) was used for reference
purpose.

Other groups of abraded glass rods were soaked in water at 881C
for 112 and 240 hrs, respectively, prior to the mechanical strength
measurement-in water-at room temperature. These soaking treatments
increase the mechayncal strength by approximately 10% by the process
of crack blunting. .

The mechanical strength of the glass rods were measured in li-
quids, (a)"'(d), at room temperature in dry N2 by thl four poinj
bending method. Stress rates of 9.6 X 10, 4.8 X 10 , 9.7 X 10,
9.2 X 103, 4.6:X 104 kg-cm- 2 .min -1 were used. At least 10 specimens
were used for strength measurement at each stress rate in a given en-
vironment. For selected specimens, the strength In liquid N2 was
also measured at constant stress rate, 9.2 X 103 kg'cm-2"min-I . In
this case, measurement was made for at least 22 specimens.

RESULTS

In Fig. 1, the stress-rate dependence of the mechanical strength
of the high silica glass in various liquids are shown. The stress
rate dependence was evaluated using the expression derived by
Charles,1 namely

1
n+l

a =K (1)

where 0 is the strength, K, is a constant, 0 is the stress rate and n
is a parameter related to the slope of log a vs. log 0. This equa-
tion (1) was originally derived from the hypothesis that the crack ex-
tends by stress-corrosion and the crack extension rate is proportion-
al to the n th power of the stress at the crack tip. But, here, n is
used simply as a measure of the stress rate dependence of the
strength. From the results in Fig. 1, it is clear that the high
stress rate dependence (low n value) which is usually observed in
water or-air, is eliminated almost entirely when measured in (C113)3-
SiCl or C13MgBr (Grignard reagent) solution while it remains practi-
cally unchanged in CH3SiCI3 solution. In CH3SICI3 , the strength is
extremely high at high stress rate.
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Fig. 1 Stress rate dependence of fracture strength of high
silica glass rod in various liquids at room temperature.
The error bar indicates ±1 standard deviation.

In this figure, the strengths of the glass measured in liquid
nitrogen are also indicated. The strengths of the glass treated by
silane and Grignard reagent were almost the same and were slightly
higher than that of freshly abradedglass.

In order to confirm that the observed strength variation in dif-
ferent liquids was not caused by a permanent damage of the surface,
e.g. crack extension, a specimen treated in Grignard reagent ((c) in
Table 1) was dipped in water to produce the surface hydroxyl and then
its strength was measured in liquid N2 and in CH3SiCl3 solution. As
shown in Table 1, the observed strengths in liquid N2 (d) and in
CR3SiCl 3 solution (e) were nearly equal to the original values in
liquid N2 (a) and in CH3SiCl 3 solution (b). These results indicate
that the surface treatments given here are reversible.

In Fig.. 2, the effects of soaking the abraded glass rods in water
at 88*C for various lengths of time on the strength in water at room
temperature are shown. It is known that this soaking treatment in
general increases the strength of glass anj the phenomenon is usually
explained in terms of the crack blunting.' Figure 2 shows that, in

I!



Table 1. Effect of Surface Treatment on Permanence of 5

Sarface Damage
Treatment Fracture Fracture 2

Environment Strength* (kg.cm)

(a) freshly abraded liquid N2  1370 ± 99
(1b) immersed in CH3SiCl3 soln CH3SiCI 3 soln 1260 ±L 88

after treatment (a).
Cc) Immersed in CH3MgBr soln CH3MgBr soln 1080 t 76

after treatment (a).
id) -mmersed in H20 after liquid N2  1400 -110
treatment (c).

(e) immersed In CH3SiCl 3 soln CH3 SiCI3 soln 1210 t 87
after treatment (4).

measured at 9.2 X 10;3 kgcm-2.minm
-l Standard Deviation

addition to the strength increase, the stress rate dependence of the
strength also changes by the soaking treatment, the strength becoming
less sensitive to the stress rate as the soaking (or crack blunting)
increases. In the figure, the strengths measured In liquid N2 are
also indicated, both for the freshly abraded specimen and the soaked
specimen.

DISCUSSION

There are several previous investigations on the effect of the
surface conditions on the dynamic fatigue behavior of high silica
glass. They are summarized in Table 2, where n values, a measure of
the fatigue susceptibility (the smaller n indicates that the strength
is more sensitive to the stress rate), are shown for high silica
glass. From this table, it can be seen that most of the n values ob-
tained by the previous investigators are approximately the same
(being in the range of 20%,40) except for Al coated glass ,by Pinnow,23

which does not show any fatigue.

On the other hand, in the present study, much larger n values
were obtained

Chemicals used in this study can readily react with water and
can remove both chemically adsorbed water and physically adsorbed
water from glass surface as well as from the solvent. The chemical
reactions can be expressed as follows:

13 ,14

n 20 + CH3SiCI 3  CH 3SiCl 3 n (OH) + nHCl
U (2)

(SiOH) n + CH 3SIC 3  (=-SiOniCl 3 -n (CH 3 ) + nHC

(n-l, 2,3)
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Fig. 2 Stress rate dependence of fracture strength of soaked

and freshly abraded high silica glass in water at room

temperature. The error bar indicates ±1 standard
deviation.

H20 + (CH3)3SiCl 4 (CH3)3SiOH + HCI2 3 3 3(3)
=SiOH + (CH3)3SiCI -Si-O-Si(CH3 ) 3 + HCl

H20 + CH3MgBr MgBrOR + CH4 (4)
-SiOH + CH3MHBr 4 :Si-O-MgBr + CH4

The first reaction in each set of equations (2), (3), and (4), repre-

sents the reaction between the chemical and free water on the glass

surface as well as in the solvents, while the second one represents

the reaction between the chemical and the the glass surface hydroxyl.

In this study, after treating the surface with (CH3)3SiCI and CH3MgBr

solutions, the stress rate dependence of the glass strength became

very small while it did not change significantly in the CH3SiCl sol-

ution. The reasons considered are that in (CH3) SiCl and CH3Mgir

solution, water on the glass surface as well as In the solvent is



Table 2. Stress-rate Dependence of Mechanical Strength (n 7
value) for High Silica Glass

Sample Environment Surface n Ref.

Abraded rod wet none 37.8 18
Abraded fiber water none 37.5 19
As drawn fiber 50% RH none 18.5 ..32 4,20,21
As drawn fiber 45"\90% RH Epoxy Acrylate 20 22
As drawn fiber 2^-97% RH Ethylene Vinyl 16't29 4

Acetate
As drawn fiber Al No Fatigue 23
Abraded rod CCl4  none 21 5

(96% SiOZ)
Abraded rod water none Present

(96% Si0 Study
2  CH3SCI3+C7HI (-OnS(CH3)C13 _n 22

(CH3 ) 3SiCl+C7
H

6 -0-Si(CH3)3  131
CH3MgBr+(C4 'g) 20 -O-MgBr 143
water after none 59
soaking

almost completely removed by the above chemical reactions, but not in
the CH3 SiCl 3 solution. CH3 SiCl 3 can react with CH3Si(OH)nCl3_n
(n-1,2,3) produced by the reaction of CH3SiCl3 with water5and poly-
merize, forming a polymer coating on the glass surface. As a
result, some physically adsorbed water and chemically adsorbed water
remain unreacted on the surface. This remaining water is probably
affecting the stress rate dependence of the strength.

Thus, the almost complete removal of physically and chemically
adsorbed water as well as water in the solvent as in (CH3)3SiCl or
CH3MgBr solution give much larger n values, but an incomplete removal
of water as in CH3SiCl3 solution, does not give a large n value. 5
This latter result appears similar to the result obtained in CC14,

5

where the surface hydroxyl on the glass surface was not removed.

On the other hand, as shown in Fig. 2 and Table 2, after glasses
were soaked in water at 88°C for extended periods of time, the n value
of the glasses became larger than that of freshly abraded glass. The
soaked specimen is stronger at liquid N2 temperature, also indicating
that the crack blunting is taking plhce.

16

These observations will first be compared with the stress-
corrosion mechanism. In this mechanism, the corrosion velocity, v,
is considered to be accelerated by the tensile stress am at the crack
tip by the following equation

1 m



-AlR 8

v - k'(Om) ne (2)

where k, A, n are constants and R and T have the usual meanings.
When equation (2) is combined with Inglis' expression2 5 for stress
concentration

a - 2a / T  (3)m a p

where a is the applied stress, c is the crack length and p is the
crack tip radius and the stress rate equation is

a  =at(4)

dc.
where $ is the stress rate and t is time, knowing v , equation(l)
can be derived. The constant K in equation (1), is, terefore, given
by

1

K [n+l 1 eA/R n1

where CO is initial crack length. The parameters K, and in some
cases p and c, can, in general, be altered by the surface treatment
but the value of n is expected to be independent of the surface treat-
ment. According to this mechanism, therefore, the lines in Figures 1
and 2 are expected to shift parallel maintaining the nearly same n
value. One of the striking features of the present result is that
lines in Figure 1 cross over. If the stress-rate dependence is due
to stress-corrosion, when the same glass composition and the reversi-
ble surface treatment are used, the crossing of the two lines are not
expected. Even if the surface modification influences the stress rate
dependence, according to the stress corrosion mechanism, the high
strength is obtained by the absence or the slow rate of the corrosion
reaction and should be associated with the larger n value while the
lower strength is caused by the higher corrosion susceptibility (low
n value). Thus the observed results are inconsistent with the stress-

corrosion mechanism.

Next, the observed results are compared with e surface energy
mechanism recently proposed by the present authors . The glass sur-
face treatment with CCH3) 3 SiC1 or with CH3HgBr replaces the surface
hydroxyl, OH, with -OSi(CH3)3 or -OMgBr. At the same time, the impur-
ity water in the solvents is also eliminated. Unlike the surface
hydroxyl, adsorption of solvent molecules on these surface groups is
difficult and therefore, very little surface energy reduction by

ago=-_
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adsorption is expected, thus the n values are larger. 9

The absence of the stress-rate dependence in Al coated fiber
glass observed by Pinnow2 3 may be explained in a similcr manner.
When a freshly drawn glass fiber is coated with a metal such as Al at
a high temperature before surface hydroxyl is formed, the surface is
probably covered by -OAl, which may be acting similarly to the radical
formed by the present treatments.

Different strength, at a given stress rate, for different surface
treatments would probably correspond to the resultant surface energy
of glass, as was demonstrated previously by measuring the mechanical
strength of high silica glass in various solvents.

6

When the abraded glass is soaked in water at 88*C, the phenomenon
of crack blunting takes place indicating that the water had sufficient
time to interact with the glass surface at the crack tip. Dissolution
of glass, and chemical as well as physical adsorption of water would
take place at the crack tip during this treatment. Since very little
additional reduction of the surface energy can take place by adsorp-
tion, a large n value is expected. The experimental results confirm
this expectation giving a large n value. However, a finite stress-
rate dependence is remaining. This may be explained as follows:
When the glass is kept in a 100% humidity atmosphere the glass surface
is covered by the physically adsorbed water, and the surface energy is
reduced. Additional surface energy reduction takes place when the
glass is dipped in water.2 7 These phenomena suggest that the thick-
ness of the adsorbed water molecule layer has an influence on the sur-
face energy. When a thin crack is exposed to water, the amount of
water which can wet the crack tip is limited. As the crack is opened
by the externally applied stress, the additional water can enter the
crack tip reducing further the surface energy of the crack tip. This
phenomenon can account for the finite stress-rate dependent strength
observed for the soaked specimens.

The magnitude of the strength is higher here for the soaked spec-
imen since crack blunting has taken place as indicated by the in-
creased strength at liquid N2 temperature.

Thus the observed experimental data appear consistent with the
idea that the time dependent mechanical strength of glass is related
to a time dependent surface energy of the glass.
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